Quantum statistics and symmetrization dictate that identical fermions do not interact via s-wave collisions. However, in the presence of spin-orbit coupling (SOC), fermions prepared in identical internal states with distinct momenta become distinguishable. The resulting strongly interacting system can exhibit exotic topological and pairing behaviors [1][2][3][4] , many of which are yet to be observed in condensed matter systems. Ultracold atomic gases offer a promising pathway for simulating these rich phenomena [5] [6] [7] [8] . Two recent experiments reported the observation of single atom SOC in optical lattice clocks (OLCs) based on alkaline-1 arXiv:1708.02704v2 [physics.atom-ph] 4 Dec 2017 earth atoms 9, 10 . In these works encoding the effective spin degree of freedom in the long-lived electronic clock states significantly reduced the detrimental effects of spontaneous emission and heating that have thus far hindered the study of interacting SOC with alkali atoms 11, 12 .
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Beyond first studies of interacting SOC with alkali atoms in a bulk gas 13 , in a lattice shaken BEC 14 , and with two particles in a lattice 15 , here we enter a new regime of many-body interacting SOC in a fermionic OLC. Using clock spectroscopy, we observe the precession of the collective magnetization and the emergence of spin locking effects arising from an interplay between p-wave and SOC-induced exchange interactions. The many-body dynamics are well captured by a collective XXZ spin model, which describes a broad class of condensed matter systems ranging from superconductors to quantum magnets. Furthermore, our work will aid in the design of next-generation OLCs by offering a route for avoiding the observed large density shifts caused by SOC-induced exchange interactions.
In our one-dimensional optical lattice clock (OLC) many-body effects arise from the cooperation and competition between p-wave and s-wave interactions, along with single-particle SOC dynamics. The spin-motion coupling we engineer in the OLC primarily affects how spins interact with each other, without any thermalization effects in the lattice. This unique condition sets up an effective spin system that provides a simpler view of the complex interplay between SOC and many-body interactions. Meanwhile, it grants us immediate access to quantum magnetism at µK motional temperatures.
The many-body dynamics are described by a collective XXZ spin model 16, 17 , which contains both exchange (s-and p-wave) and Ising (p-wave) terms. The dynamics of collective XXZ models have largely been studied theoretically in condensed matter physics, for example in the context of superconductivity through the Anderson pseudospin mapping 18 , which identifies Cooper pairs and holes as the two components of an effective pseudospin. Only limited experimental studies have been conducted so far, and they have been restricted mainly to weak quenches 19 . The ultra-narrow clock transition in our OLC enables the preparation, control, and spectroscopic resolution of the dynamics in a broad parameter space, including quenches over a large dynamic range.
SOC with strong interactions between a pair of atoms has been realised in a lattice 15 . Here, we instead use a large atom number, N , to tune the strength of the interactions to enter a strong, collective interacting regime well beyond single-particle SOC dynamics. We observe that both s-wave and p-wave interactions induce precession of the collective magnetization. Furthermore, the exchange interactions compete with the SOC-induced dephasing and promote spin alignment and locking. Similar interaction-induced spin locking effects have been observed in other trapped gas experiments 20, 21 , and were recently shown to play a crucial role in the stabilization of time crystal phases in trapped ions 22 and impurity centers in diamond 23 . In those cases, however, dephasing arose from spatial inhomogeneities, in contrast to our system where dephasing is a direct consequence of an intrinsic modification of the band structure by SOC.
In our experiment, up to ∼ 1.5×10 4 atoms are laser cooled into a horizontal one-dimensional (1D) lattice operated at a "magic" wavelength, λ L = 813 nm, where the band structures of the two clock states are identical. By changing only the retro-reflected power while fixing the incident power we keep the radial confinement approximately constant (ν r ≈ 500 Hz) while significantly modifying the tunneling rate 9 . We create an array of ∼10 3 pancake-shaped lattice sites, each with 1 -20 atoms when we vary N .
Axially the atoms occupy the ground band of the lattice. Radially the atoms are only weakly confined with a thermal distribution among the radial modes, n r . In the tight binding limit we can write the energies of the ground bands as E (q, n r ) = −2 J nr cos(q), where is the reduced Planck constant, J nr is the tunneling rate between nearest-neighbor lattice sites that has some dependence on the radial mode n r (see Methods), and q is the quasimomentum in units of /a, where a = λ L /2 is the lattice spacing. Due to the temperature of the atoms, the band is thermally filled and all q are initially occupied.
The clock laser (λ c = 698 nm), aligned axially along the 1D lattice, drives transitions between the ground 1 S 0 (|g, q nr ) and the excited 3 P 0 (|e, q + φ nr ) clock states. The quasimomentum shift of the excited state, φ = πλ L /λ c , which is needed for conservation of momentum, generates the SOC. The consequence of this shift becomes important only when atoms are allowed to tunnel. For N atoms evolving independently under SOC, the Hamiltonian can be expressed in terms of a synthetic magnetic field 9, 12 ,
where δ and Ω are the clock laser detuning from the bare atomic transition and Rabi frequency, respectively, and
is an effective q-dependent magnetic field arising from the SOC term ∆(q i , n r i ) = (E (q i , n r i ) − E (q i + φ, n r i ))/ . The operatorsŜ i are spin-1/2 angular momentum operators acting on the two clock states of atom i.
Figure 1(a) displays the spin-orbit coupled bands. In the tight-binding approximation the largest detunings from the bare transition frequency are given by δ ± = ∆(q ∼ {0, π}, n r ) = ±4J sin (φ/2). Here, J is the thermally averaged value of the tunneling rate (see Methods). When ∆(q, n r ) > Ω, the SOC broadening of the lineshape is spectroscopically resolved and exhibits two peaks at clock laser detunings of δ ± (Fig. 1 (b) ). These peaks arise from divergences of the joint density of states called Van Hove singularities 9 .
To observe the dynamics of our spin-orbit coupled system we perform Ramsey spectroscopy.
A strong initial pulse of area θ 1 and δ = 0 excites all atoms into a coherent superposition of clock states that are then allowed to freely evolve during τ . Although the clock laser is off during this period, the atoms accumulate phase in the rotating frame of the laser and thereby retain the imprinted optical phase. As a result, the atoms continue to experience the SOC induced effective magnetic field B SOC (q i , n r i , Ω=0, δ=0) throughout the dark time τ . One observable we measure using this procedure is the Ramsey fringe contrast, C = 2 Ŝx 2 + Ŝy 2 /N , which is the length of the projection of the collective magnetization in theê x −ê y plane of the Bloch sphere.
The concentration of atoms at the two Van Hove singularities allows us to qualitatively understand the ensuing dynamics as arising mainly from these two groups of atoms, with quasimomenta q ∼ 0 and q ∼ π, and corresponding detunings of δ ± , respectively. Figure 1(c) depicts the Bloch sphere visualization of Ramsey spectroscopy for the case when the two groups are non-interacting and for θ 1 = π/2. For a variable evolution time τ , the atoms with opposite detunings δ ± evolve around the equator of the Bloch sphere in opposite directions (dashed blue arrows). Consequently, the length of the collective spin vector (solid blue arrow) changes, but the vector direction remains parallel or anti-parallel toê x .
Representative single-particle contrast curves are shown in Fig. 1(d) for tunneling rates J 1 /(2π) = 3.2 Hz (green triangles) and J 2 /(2π) = 17.6 Hz (blue circles) as a function of τ .
This data was taken in the non-interacting regime by using a small number of atoms (N < 500).
The collapses and revivals in the contrast can be readily understood from the simple model of the two atom groups. When the two groups of atoms accumulate a phase difference of π the length of the collective Bloch vector will be zero (C = 0). The detuning, δ ± ≈ ±4J determines the precession rate around the Bloch sphere and we thus expect the contrast to collapse and revive with a periodicity proportional to 1/J. In Fig. 1 (e) the x-axis is scaled as a function of Jτ /(2π), illustrating that the contrast curves for different J values then collapse onto a single curve.
An obvious feature of the observed contrast evolution is the long term decay, which is not captured by the simple two-group approximation. While the joint density of states is the largest at the Van Hove Singularities, all q values are in fact populated, with atoms contributing at detunings in-between δ ± . Summing over the contributions from all q, the resulting time-dependence of the contrast is given by C = sin(θ 1 )|J 0 [4Jτ sin (φ/2)] |, where J 0 is a zeroth order Bessel function of the first kind, as shown in Fig. 1(d,e) .
To validate that the collapses, revivals, and overall decay in contrast are due to B SOC (q), we can remove its effect by adding a spin echo pulse to the Ramsey sequence. Any dephasing from the static SOC-induced effective magnetic field during the first τ /2 period of free evolution will rephase during the second τ /2 free evolution period, due to the π echo pulse, which flips the sign of phase accumulation. Having characterized the single particle dynamics under SOC, we introduce interactions by increasing the atomic density. As shown in Fig. 3 , signatures of strong spin interactions start to emerge as N increases. The blue circles are the case of no interactions (N < 500) and red squares are the case where we introduce interactions by increasing the atom number by more than an order of magnitude (N ∼ 1×10 4 ). We observe in Fig. 3 (a) that for an initial Ramsey pulse θ 1 = π/4, an increase in atomic density qualitatively alters the dynamics, suppressing the collapses in contrast observed for the low density case. For θ 1 = π/2 we observe that interactions shift the zeroes of the contrast compared to the non-interacting case (Fig. 3 (c) ), and by further increasing the density and reducing the tunneling rate, we see that the first collapse of the contrast can be suppressed altogether ( Fig. 3 (d) ). We note that for J = 0 the contrast decay has been previously seen to be highly sensitive to the initial Ramsey pulse area and no contrast revival with interactions has been observed 16, 17 .
In order to quantitatively understand the complex interplay between interactions and SOC,
we consider the spin model that has previously been successfully used to understand many-body interactions in optical lattice clocks 16, 17 . During these measurements all atoms are initially prepared in the |g spin state, and each atom occupies a single motional mode in the lattice. The initial mode distribution is preserved during clock interrogation as the collision energy is insufficient to alter the motional eigenstates. Since the motional degrees of freedom are frozen, we can treat the single-particle modes as corresponding lattice sites spanning an energy space. Thus, s-wave and p-wave contact interactions are mapped into non-local, infinite-range collective interactions between the electronic pseudospins in the energy-space lattice 16 . The Hamiltonian for our system, including interactions, then becomesĤ =Ĥ SOC +Ĥ int , withĤ int given by,
The spin couplings
pend on V αβ and U − αβ which are the p-wave and s-wave mean interaction parameters, respectively.
L is the number of lattice sites, and thus N/L represents the mean number of atoms per site. Due to the temperature of the atoms in the lattice being > 1µK the s-wave and p-wave interactions are similar in magnitude (see Methods).
The term proportional to ξ encapsulates the exchange interaction process mediated by both s-wave and p-wave collisions. For the nuclear spin-polarized identical fermions initially prepared in the lattice, and in the absence of SOC, this term becomes a constant of motion and is thus irrelevant to the dynamics. However, when J = 0, the effective q-dependent SOC magnetic field B SOC (q i , n r i , 0, δ) causes the initially spin polarized atoms to dephase with respect to each other, thereby introducing exchange interactions between them, which directly compete with the singleparticle SOC dynamics.
The p-wave interaction terms proportional to χ and C generate a collective Ising Hamiltonian which commutes withŜ 2 and have previously, in the absence of SOC, been shown to induce manybody spin dynamics 16 for any superposition of e and g. These terms are unchanged in the presence of SOC, and have a negligible effect on the spin contrast for the experimental conditions and timescales we study here .
Throughout this work, we find that the explored experimental timescales are in a regime where the mean field approximation is valid. In this approximation the interaction terms can be treated as an additional time-dependent magnetic field generated by the collective spin vector, B int .
This allows us to factor out a collective spin operator fromĤ int as given in Eq. 2 in order to arrive at the mean field Hamiltonian including both interactions and SOC:
where
. Theê x andê y components can be written together as a collective, evolving, transverse magnetic field, For θ 1 = π/2, due to symmetry, the rotation of the Bloch vectors (red, dashed arrows in Hz) (Fig. 3(c) ), they cause no qualitative change to C compared to the non-interacting case, except for a weak rephasing of the spins that slightly delays the contrast collapse and decreases the revival amplitude. This is manifested as an interaction-induced shift of the time of the first contrast zero,
If J is decreased such that J ∼ |N ξ/L|, then the exchange interactions produce a qualitatively different behavior, as shown in Fig. 3(d) . For J/ (2π) = 1.3 Hz, the non-interacting case (blue circles) shows the characteristic collapse and revival. In contrast, the interacting case (with
.4 Hz), shows no collapse whatsoever, instead exhibiting only a monotonic decay with Jτ . The suppression of the collapse and revivals is a result of the exchangeinduced rephasing of the spins (Fig. 3(e) ). Ideally, this type of spin locking would preserve the coherence indefinitely, as can been seen directly from the interacting Hamiltonian (2), where for large ξ the initial state is an eigenstate. Indeed, long-term synchronization has been previously observed in other cold atom experiments 20 with dominant s-wave interactions. In our OLC we also need to account for competing mechanisms.
One important decoherence mechanism is atom loss due to inelastic two-body e − e p-wave collisions 24, 25 , which becomes particularly relevant for a large N . The effect of the losses on the contrast, however, is largely compensated when the contrast is normalized by the total atom number, as we do throughout this work (see Methods). The most relevant contribution to decoherence for the current experiment is the single-particle diffusive dephasing observed in Fig. 2 . Its effect on the contrast can already be seen in the non-interacting case (blue circles) and is exacerbated when operating at the low tunneling rates required to enter the J ∼ |N ξ/L| regime. We anticipate that quasimomentum conservation, and signatures of spin-locking at longer times, will be achievable in a 3D optical lattice, where coupling to the thermally populated radial modes would be eliminated (see Methods).
To complete our full characterization of the spin system and to disentangle the interaction dynamics from decoherence, we also study the effects of interactions on the phase accumulated by the collective spin vector during the free precession time τ , tan(∆ν2πτ ) = Ŝ y / Ŝ x .
In optical lattice clocks this is traditionally described by a density-dependent frequency shift 16, 26 (∆ν).
For J = 0 (no SOC), ξ is a constant of motion, and the density shift arises entirely from the Ising p-wave interactions. In Fig. 4 (a) a density shift measurement done without SOC shows a clear linear dependence on the fraction of the atoms in the excited clock state, fully consistent with previous works 16, 17 . There for J = 0, ∆ν has been well characterized and found to be independent of the dark time between the Ramsey pulses. In this work the measured shift in the absence of SOC agrees with the prediction from the mean-field Hamiltonian (Eq.
cos θ 1 , where the shift depends linearly on the fraction of atoms in the excited clock state (P e = (1 − cos θ 1 ) /2).
In contrast, interactions in the presence of SOC give rise to a frequency shift that is dependent on the dark time between the Ramsey pulses (Fig. 4(c,d) ). From this data the frequency shift extrapolated to zero excitation fraction is seen to diverge when the single-particle contrast decays to zero (see Fig. 4(d) ).
For J > 0 (with SOC), the situation becomes more complicated. To develop an intuitive understanding, we return again to the two atom-group model, where a simple analytic expression can be derived to first order in interactions, (for a more generic lattice treatment, see Methods)
The same exchange term that produces the time-dependent collective transverse field responsible for modifying the contrast dynamics also results in a frequency shift. This term diverges when cos(4Jτ ) = 0, which physically corresponds to the case when the two non-interacting atom group vectors are π radians out of phase on the Bloch sphere, as illustrated in Fig. 4(e) . When the spins rephase and the contrast becomes finite again, the exchange-induced shift diminishes. It completely turns off in the two atom-group approximation when the spins re-align. However, for the experimentally relevant case of a thermally populated band with all q values participating, the density shift will change in magnitude with time but will not disappear completely, since the spins do not completely rephase.
The experimentally measured dependence of the SOC density shift on τ at a finite tunneling rate of J/ (2π) = 2.2 Hz is shown in Fig. 4 ) for the same data as in Fig. 4(c) . The extracted quantity P shows a divergence around the zero of the contrast, consistent with Eq. 4. The highly non-trivial functional form of the density shift indicates that SOC induced exchange interactions will be a major factor in optical lattice clocks if the effects of tunneling are not suppressed. However, the experimentally observed density shift and contrast, which encapsulate the magnetisation dynamics, can be well described by theory. This agreement highlights the fact that for the experimentally relevant timescales, the complex interplay between SOC and many-body dynamics can be understood and explored precisely.
In conclusion, we have explored the emergence of complex dynamics with interacting fermions under engineered spin-orbit coupling in a Sr optical lattice clock. The many-body dynamics are fully characterized by a collective XXZ Hamiltonian aside from extra dephasing arising from nonconserved quasimomenta. In the future we plan to suppress this dephasing by using more sophisticated pulse sequences 27 or by employing a 3D optical lattice, where the p-wave interactions would also be suppressed. The lower temperatures associated with loading a Fermi-degenerate gas in a 3D lattice geometry 28 will also enable the study of SOC in higher dimensions, precise control of the SOC phase 10 
Experimental Methods
In our experiment the lattice is formed by a ∼ 3 W incoming laser beam that is focused to a waist of ω 0 = 40µm at the position of the atoms. After exiting the vacuum chamber, the laser beam is collimated and then retro-reflected back on itself after passing through two acousto-optical modulators (AOMs). These AOMs are used to dynamically ramp the lattice depth without changing the frequency of the retro-reflected beam. During each experimental cycle the atoms are loaded into a lattice of depth U z /E R = 130, where E R is the recoil energy. This lattice depth corresponds to an axial trapping frequency of ν z ≈ 2E R U z /E R /(2π ) = 80 kHz. The atoms are then sideband cooled to the ground band, and then the lattice is ramped down adiabatically to give the desired tunneling rate. To measure interaction effects the atom number is varied without changing the initial distribution of atoms within the lattice.
To measure the contrast following a Ramsey or spin echo sequence, the laser detuning is kept constant and the phase of the second π/2 Ramsey pulse is varied with respect to the phase of the first π/2 Ramsey pulse during many cycles of the experiment to produce a Ramsey fringe. while interleaving measurements with the atom number switching between ∼ 300-4000 atoms.
The Ramsey fringes are then again fitted with sinusoids and the phase difference between the high density and low density case is extracted and converted to a frequency shift. Between each data set the excitation fraction is also measured by applying only the first Ramsey pulse, then measuring the clock state populations. For J = 0 the same process is repeated for different dark times. To extract P we fit each experimental density shift measurement with a linear fit.
For J > 1 Hz, the SOC-induced dephasing dominates over all other dephasing mechanisms in our clock. While our Hamiltonian accounts for the static dephasing, a systematic investigation of the relevant range of J reveals that the spin echo data has an additional decay with the functional
at large τ . The extracted decay rate (1/τ d ) for different J is shown in Extended Data Fig. 1 . The scaling is consistent with 1/τ d ∝ J 1/2 . We observe the same scaling of decay rate with J for the Ramsey sequences, and include this decay in our theory model. The most likely mechanism for this empirically observed diffusion of B SOC is the coupling of axial motion to the thermally populated radial modes. The spatial inhomogeneity in J across the lattice due to the finite Rayleigh range of the lattice beams may also contribute.
Theoretical Methods
Hamiltonian The Hamiltonian governing a nuclear spin-polarized ensemble of fermionic atoms with two accessible clock levels, 1 S 0 (g) -3 P 0 (e), which are controlled by a linearly polarized clock laser beam 24 is given in the rotating frame of the clock laser by: We expand the field operator in terms of single-particle eigenstates ofĤ 0 , which to a good approximation are harmonic oscillator states along the transverse directions and Bloch functions, ψ q (Z), along the axial lattice direction. The harmonic oscillator states are characterized by the quantum numbers n r = (n X , n Y ) and the Bloch functions by the quasimomentum q and band quantum number n Z , which is prepared in only the lowest band n Z = 0 for the current loading conditions.
As described in the main text, under our typical operating conditions, the interaction energy per particle is weaker than the spacing between single-particle energy levels. Thus, at the leading order, collisions conserve the total single-particle energy and the atom population is frozen in the initially populated modes which act as effective lattice sites in single particle mode space 24 . For an initial state with at most one atom per mode (|g -polarized state), it is thus possible to reduceĤ to a spin-1/2 model written in terms of pseudo-spin 1/2 operatorsŜ i = 1/2 α,βĉ † α,q i ,nr i σ αβĉβ,q i ,nr i .
Here σ = {σ x ,σ y ,σ z } are Pauli matrices in the e, g basis andĉ α,q i ,nr i (ĉ † α,q i ,nr i ) are the fermionic annihilation (creation) operators of an atom in the electronic clock state α, radial mode n r i and quasimomentum q i .
While the effective spin-spin coupling constants depend on the radial mode quantum number 12, 16, 24 , to a good approximation, we can replace them by their thermally averaged values. Under these approximations we obtain the interaction HamiltonianĤ int given by Eq. 2 in the main text which has been written in terms of the collective spin operatorsŜ including the inelastic losses and the single particle SOC terms are given by:
where we have used S Finally N e = j N e j and S α = j S α j with α = x, y, z.
We note that within the simulations we include the thermal effects in the single particle dynamics by sampling radial modes for each particle from a thermal distribution. Each particle is assigned a given ∆(q i , n r ) depending on the radial mode n r it occupies. At lowest order in the radialaxial coupling, the radial mode dependence of the tunneling is given by 9, 12 J nr = J 0 + ∆J(n X + n Y ), with J 0 ≈ 1.36
Uz E R
1.057
exp −2.12 U z /E R and ∆J ≈ 0.5
exp −2.71 U z /E R .
Two Particles
We can gain insight into the behavior of the many-body system by considering the case of two particles in two sites with quasimomenta q 1 = 0, and q 2 = π, corresponding to ∆(q i , n r i ) = ±4J, and later extending it to two groups of particles at the aforementioned quasimomenta. Given that for the parameter regime of interest the Ising terms provide a simple collective rotation whose behavior is well understood, as shown in Fig. 4 (a) in the main text, we are going to ignore them for the following discussion. Namely we will set χ = C = 0 and keep only the terms proportional to ξ. In this case, we can provide simple analytical expressions for the dynamics:
Ŝ x (τ ) = sin(θ 1 ) 2ξ J eff sin J eff 2 τ sin(τ ξ) + cos J eff 2 τ cos(τ ξ) ,
Ŝ y (τ ) = sin(θ 1 ) cos(θ 1 ) 2ξ J eff sin J eff 2 τ cos(τ ξ) − cos J eff 2 τ sin(τ ξ) , (11) where J eff = 2 (4J) 2 + ξ 2 . From the above expressions, we obtain ∆ν(τ ) = ξ cos θ 1 tan(4Jτ ) 4Jτ
− 1 to first order in interactions. From the above expressions the following points are clear: (1) If ξ = 0 then Ŝ y (τ ) = 0 at any tipping angle and all times and thus no density shift is present. (2) For ξ = 0, at times 4Jτ n = (2n + 1)π/2 the contrast C(τ n ) vanishes since at those times Ŝ x (τ n ) = 0.
(3) Finite ξ generates non zero | Ŝ y (τ ) | > 0, introducing a density shift for | cos(θ 1 )| > 0. The density shifts diverges at linear order of interaction at τ n . (4) Finite interactions slow down the contrast decay. When interactions are weak, ξ < J, the contrast decays but the first zero crossing is delayed to later times τ 0 → π(1+ )/(8J) where = (ξ/8J) 2 . Moreover, in this regime, the second revival peak is reduced by 2π 2 . For large interactions, ξ J, the contrast no longer decays to zero but saturates at a finite value which approaches its original value Ŝ x (τ ) → sin(θ 1 ) in the strongly interacting limit. While the conclusions were inferred from the two particles dynamics they remain approximately valid for the many-body system. This protection can be seen in Extended Data Fig. 3 where the dashed line displays this saturation for N/L ∼ 25. We note that the results presented in the main text include the effects of single particle diffusion which hinders our ability to see this phenomena. In particular, for the two groups of N/2 particles, in many situations one can obtain the approximate N particle dynamics by replacing ξ → N ξ/L. See for example
Eq. (4) in the main text.
So far we have mainly discussed the Hamiltonian dynamics. The immediate effect of the losses is the decay of the e state population, which modifies S z and reduces the overall coherence of the state. For θ 1 = π/2, losses tilt the collective spin out of the equatorial plane and generate a non-zero S y component. This in turn helps prevent the contrast from decaying when normalized by the total particle number.
